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SYNOPSIS : In this paper we described the results or numerical simulation or shaking table test 
on two dimensional soil-structure interation system to verify an application or newly developed non-
linear response analysis method. This code was a so-called U-W analysis method based on the defor-
mation theory or saturated porous material proposed by Biot and constitutive relations to simulate 
the nonlinear characteristics or soils were induced by the elasto-plastic theory. Input material 
constants or soil were decided by refering the data or popular soil element test. Because the 
properties or soil were heavily dependent on confining pressure, then static and dynamic soil tests 
were carried out under an equal low pressure to the shaking table test. The results or numerical 
simulation by using the material constants obtained from soil element tests were in good agreement 
with those or shaking table test and the applicability or our analysis method to dynamic problems 
was verified with the considerable confirmation. 
INTRODUCTION 
In many cases the final evaluations or stabil-
ity or ground and structure against earthquakes 
are made sure by analytical procedure. Up to 
the present several analytical procedures have 
been developed by many researchers. And espe-
cially complex response analysis in frequency 
domain based on the equivalent linear concept, 
for example program rLUSH (1975) have been in-
troduced into decision or the actual design. 
On the other hand, with the rapid advances or 
computer, dynamic analysis codes which calculate 
the nonlinear behaviour or soils by step-by-
step integration method in time domain have been 
gradually developed by various researchers (Finn 
( 198S), Zienkiewicz et al ( 1982), Oka et al ( 1982) 
etc. ) to mainly predict the deformation and 
failure or ground or earth structures during 
earthquakes. The authors have for a few years 
developed the nonlinear response analysis code 
based on the effective stress or soil to predict 
the deformation or such dense sand or sandy 
gravel ground as the foundation or nuclear power 
plants demanded the high ascismiclty. Our code 
is F.E.M. analysis one that introduces the 
elasto-plastic constitutive relation to simulate 
the nonlinearity or soils under multi-dimensional 
cyclic stress condition into Biot's saturated 
porous material theory. In this paper, we will 
report the results or soil tests under extremely 
low confining pressure to determine the inpuL 
material constants necessary for analysis and 
verification or new analysis method by numerical 
simulation or shaking table test carried out to 
investigate the interaction phenomena between 
soil and structure during vibration. 
SOIL ELEMENT TESTS UNDER LOW CONFINING PRESSURE 
It is a well-known fact that the properties or 
soils are heavily dependent on confining pres-
sure. Therefore in order to predict the de-
formation and failure or soils by means or 
numerical technique, input material constants 
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should be decided by the soil testing data 
carried out under the same confining pressure as 
in-situ condition. Except for the centrifuge 
tests, generally shaking table tests are carried 
out under only 1g condition. Tn such a case 
soils constitute the model ground are under ex-
tremely low confining pressure and this point 
has made difficulties to numerically simulate 
the results or model tests. But recent advances 
or soil testing apparatus and measurement instru-
ments have made possible to carry out the soil 
element tests with the high accuracy. 
Here we describe the results or soil tests under 
extremely low confining pressure lam 0 '=0.025-0.5 
kgf/cm 2 ) to obtain the reference data for deter-
mining the input material constants necessary to 
numerical simulation or shaking table test. The 
sand we used for experiment was fine Gifu sand 
and its main physical properties are D5 o=0.13mm, 
Uc=1.8, Gs=2.67, emax=l. 14), emin=0.739 respec-
tively. 
Testing Apparatus and Measuring Instruments 
The testing apparatus we used for element tests 
was a cyclic triaxial compression testing appa-
ratus and the size or cylindrical specimen was 
10 em diameter and 20 em height respectively. 
Each specimen was made by tapping method to re-
produce the same packing condition or soil as 
that or the model ground in 10% water content, 
because there have been some reports that dynamic 
strength or dense sands were dependent on speci-
men preparation method. Void ratio or all speci-
men is the same value 0. 86 as that or model ~round. 
By the way it is thought that the minute controll 
or stress and the accuracy or measurement instru-
ments were very important for soil tests at the 
extremely low confining pressure. So we con-
trived the following points at the tests under 
less than 0.1 kgf/cm 2 confining pressure 
(Fukushima et al (1984)). 
(1) Vertical effective stress during setting 
the specimen was controlled by adjusting 
the weight of counter weight suspended from 
vertical piston rod. 
(Z) Low cell pressure or suction for supporting 
the specimen was supplied after regulation 
of pressure by the difference of water heads 
in U-shape tube. 
(3) Lateral effective stress was supplied by 
the difference of water heads between cell 
and burette water level without pressure 
distribution of specimen in vertical direc-
tion. In cases of drained shear tests, 
water level of burette was kept at the 
initial condition by moving mechanically up 
and down to maintain the initial lateral 
effective stress. 
(4) Sensitivities of measurement instruments 





Load cell ··· 1.37kgf/volt 
Pressure transducer ··· O.lkgf/volt 
Non-touched d.isp laccment transdu<~er 
9.4 X lo-•mn/volt: 
Strain gauge type diill gau~e 
4.5 X lo-z ni(JI/uolt 
• Volumetric strain ··· Differential pressure transducer 
21.5aJl/volt 
Above all data were recorded to micro-computer 
through AD converter which had the function of 
resolving 1 volt into 1,000 degital value. 
Results of Monotonic Loading Tests 
Triaxial monotonic compression tests in drained 
condition were carried out to decide the internal 
friction angle at failure ~f and that at maximum 
contraction volumetric strain ~m· Confining 
pressure of tests were 0,025, 0.05, 0.1, 0.5 
kgf/cm 2 and axial strain rate was 0.2%/min. As 
the results of tests when the confining pressure 
was less than 0.05 kgf/cm 2 , the effect of tensile 
force of membrane was larger at large strain. 
If, for example, confining pressure was 0.025 
kgf/cm 2 , (ot/03)max was 6.72 without no correc-
tion of membrane force against 5.84 with correc-
tion of its effect by the correction method pro-
posed by Fukushima et al ( 1984). This difference 
was serious in low ~onfinin~ pressure. ~f and 
~m were obtained 39 and 30 respectively by 
above mentioned correction. And secant young 
modulus was expresssed in relation to confining 
pressure as follow, 
F,u = :!R2 X (Om' ) 0 · •' (kgJ"/.cn!) 
(O,i){.r,~ 0 111 ' ~0.5kJ:f/rn!) ······(I) 
Results of Dynamic Deformation and Strength Tests 
Dynamic deformation tests were carried out to 
investigate the strain dependency of shear modulus 
G and damping ratio h. 
Confining pressures of these tests were the same 
as the monotonic loading tests. Fig. 1 shows the 
strain dependency of G/Go where Go is the maximum 
shear modulus at the very small strain level. 
G/G 0 decreases with increase of strain but its 
rate is larger as confining pressure is low. 
This tendency is the same in the ordinary pres-
sure range. Fig. 2 shows the G/{(2.17-e) 2 /(1+e)} 
-am' relation obtained from picking up G value 
at shear strain y=10- 6 , 10- 5 , 10-•, 10- 3 respec-
tively. At the large shear strain as y=10- 3 the 
relation of both is proportional linearly and a 
slope of line steeper than that of small strain. 
On the other hand, at the small strain level less 
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(G/Go= 1/1! + /71;,,1) 
Fig. 3 Relations between G/Go and y/yo.s 
than 10- 4 the slopes of line are slightly changed 
since a turn in Om'=O.l kgf/cm 2 and the relation 
between Go and om' follows 
(; u= 7:JO U.17-·c)'(o ')"·" (kgff,,.rl) 1 + (~ Ill ..... (2) 
for n,.';£ 0.1 kgf/cn! 
G ,,=GOO . 0) 
Fig. 3 shows the relation between G/G 0 and y/ 
y 0 • 5 where Yo.s is a so-called reference strain 
which G becomes equal to 0.5Go. This relation 
is independent on confining pressure at low stress 
level and is approximately able to well simulate 
by Hardin-Drnevich model. Fig. 4 is the relation 
between yo.s and confining pressure. The rela-
tion of both is almost proportional on double 
logarithmic graph as following 
Yu,;=5.57X to-• ·(a m')"· 4 ' (4) 
.for 0.025 ;£<i 11/~ 0.5 kgf/d 
In this figure the data of Toyoura Sand after 
Tatsuoka et al are plotted, too. And out results 
are well coincident with theirs. 
Fig. 5 shows the strain dependency of damping 
ratio at each confining pressure. The larger 
the shear strain is, the larger the damping ratio 
becomes. At the same strain damping ratio is 
larger at low confining pressure and this tend-
ency is the same at the ordinary confining pres-
sure. 
Results of dynamic strength tests are shown in 
Fig. 7. These tests were carried out under con-
fining pressure only 0.05 kgf/cm 2 because the 
data from these tests are used only for deter-
mining the input material constants. Dynamic 
strengths make a difference by definition of 
failure strain especially at the small number N. 
This is a peculiar tendency of dense sand. 
OUTLINE OF SHAKING TABLE TEST 
Shaking table was a 120ton-class large one pos-
sessed by CRIEPI. Soil container whose width, 
height and depth were 6 m, 1 m and 1 m respec-
tively was fixed on the table. Gifu sands, of 
which water content were arranged 10 % were put-
ted into container and model ground whose rela-
tive density was about 70 % was made up by tap-
ping method. Structural model whose width, height 
and depth were 0.6 m, 0.6 m, 0.8 m respectively 
was buried in the ground until 0.4 m from ground 
surface. Accelerometers, pore pressure gauges 
and displacement transducers were setted in the 
ground or on the structure model as shown in Fig. 
7. Water was supplied from the bottom of con-
tainer but we think the saturation of ground is 
fairly low. After the chain of above process 
table was horizontally shaked by electro-hydraulic 
servo system. 
DYNAMIC ANALYSIS METHOD OF CRIEPI 
Our analysis code is called Program NAFSS (Non-
linear ~nalysis of fluid-~olid ~ystem) and its 
main features are follows. 
Fundamental Equations of Two Phase System 
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Fig. 6 Relations between Dynamic Strength and 
Number of Cycles 
as soils are as follows. 
0 iJ ,J +- fJ Ki = fJ ill+ f) r \i;, 1 ·(S) 
- i}, l + f 1 f f<':i ~ k iJ -l p f g W j + (J f li i + Tl - 1 p f W 1 
''• i•i "" t Li- (1-n) l'k, _, -- n l'kr''- 0 i/ (:lksl-' 
i J :.::: ( lj i '.J 1 u j ' i) / 2 
(fi) 
(7) 
where a total stress, p : pore pressure, 
a' effective stress, 
u displacement of solid skeleton 
w relative displacement of fluid to 
solid skeleton, 
p' pf density of soil and fluid 
k permeability, 
e: strain of soil gi : body force, 
oij Kronecker's delta, n : porosity, 
ks• kf bulk modulus of slid and fluid 
Above equations were discretized by Galerkin 
method and obtained as following matrix equa-
tion (Ghaboussi (1971)). 
If' M\ Me i I ~ 1 + lc" 0 II ~-I + I K T ~ II' ll 11 = r 1: I_ . ( !O) L "'c "'r 1 I \\ , , 0 IJ 1 , ~ ; t E 1 W , (, , 
Matrices F and G are body force and surface trac-
tion acting on mixed material and fluid respec-
tively. 
Constitutive Relations of Soils 
Constitutive relations of soils adopted in this 
analysis are newly developed ones proposed by 
Nishi and Kanatani (1990). 
These are based on elasto-plastic theory and 
formulated by a yield function in terms of effec-
tive stress ratio and by a plastic potential 
function derived from the relation of stress 
ratio-plastic strain incremental ratio. Moreover 
in our model Sekiguchi and Ohta's stress para-
meter is introduced to take account of the effects 
of principal stress rotation (Sekiguchi and Ohta 
( 1977)). Modified Masing rule in mul ti-dimensio-
nal stress field was employed in the hardening 
function. A number of material constants neces-
sary for our model are fundamentally seven (see 
APPENDIX) and these can be easily determined by 
the mechanical tests described as the former 
chapter. 
Time Integration Method 
There are many cases in the soil-structure inter-
action problems that the stiffness of structure 
is larger as compaired with that of soil. In 
these cases it is capable that the large differ-
ences are induced to accuracy of solution and 
costs of calculation by alternation of time inte-
gration methods. Then we adopt the implicit-
explicit hybrid time integration method (Hughes 
et al (1978) in order to change the time 
integration in each domain. In this method 
eq. (12) which is transformed equation of 
motion (11) is solved. 
...... (11) 
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where C=Ci+Ce, K=Ki+Ke 
suffix i : implicit group, e explicit group. 
NUMERICAL SIMULATION 
Analysis Model 
Analysis model for numerical simulation is shown 
in Fig. 7 in the style of finite mesh and the 
locations of measurement instruments are shown 
in the same figure. 
The horizontal width of ground at the experi-
ment is 6 m but in the analysis it is reduced 
by 3 m in order to shorten the calculation time. 
Input Material Constants 
Input Material Constants are determined by com-
paring the results of soil tests with those of 
simulation analysis of simple shear test based 
on constitutive relations. The final material 
constants are as shown in Table 1. 





Lt 0 i fl 
( l1l ) r-n! I kgf 
0 ~ 0. 3 0. 8ti 0.0007 0. 5 70000 ROO 
0.3~ 0.6 0. R G 0. 00 I 0 0. 5 :,oooo 7 ~-0 
0.6~1.0 0. 8 3 0. 00 15 0. 5 ~0000 fiOO 
The results of comparisons between experiments 
and calculations on dynamic deformation and 
strength characteristics are shown in Fig. 8 and 
9 respectively. 
Dry mass density of soil is 1.463 gf/cm 3 , and 
internal friction angle at failure and mobilized 
friction angle at the maximum contraction are 
39• and 30• res~ectively for all layers. Ks is 
3.7 x 10 8 kgf/cm and Kf is 0.5 kgf/cm 2 in consid-
eration of unsaturation of soil. Permeability 
of soil is assumed 10- 2 em/sec. The young's 
modulus and poison's ratio of structural model 
are 20000 kgf/cm 2 and 0.4 respectively. Rayleigh 
damping whose damping becomes 10 % for first 
natural frequency is given in mass proportional 
form to soil and 5 % to structure. 
Boundary Conditions 
Boundary Conditions of ground deformation are 
fixed one for bottom and viscous boundaries for 
both sides. Sides and bottom surface of buried 
part of structure are completely connected with 
soil. Boundary conditions of permeation are 
permeable only for ground surface and rests are 
impermeable. 
Time Integration 
Time integration was conducted by implicit -explicit 
hybrid method. The domain of soil is solved as 
the explicit one and only structural model is 
solved as the implicit. Integration constants 
6, y are 0.25 and 0.5 respectively. Time in-
terval of integration is 10- 4 sec. 
Results of Simulation 
Comparisons of time histories of acceleration 
between experimental and computed results are 
shown in Pig. 10. Top of figures expresses the 
input motion of shaking table whose duration is 
main shock 1.7 second. Peak accelerations of 
calculated results are more or less smaller than 
those of experimental ones. This is because the 
calculated wave was filtered by means of 50 Hz 
low pass filter in order to cut the high fre-
quency components often occured in case of non-
linear dynamic analysis. But the phases of 
waves are in good agreement with both results. 
Pig. 12 shows the time histories of settlement 
of structure. Calculated settlements are fairly 
large compared with experimental ones, but they 
are very small because of heigh density of soil. 
Fig. 13 shows the time histories of pore pres-
sure. Taking the effect of unsaturation of 
ground accurately into account for analysis, 
generation of pore pressure is small each other 
for considering its large acceleration. Calcu-
lated pore pressure W6 and W8, which were 
located on the side of structure, represent the 
minus value during excitation. This is because 
the boundary of burried both sides of structure 
are treated as t'ixed one to the soil. But an-
other pore pressures located under the structure 
were gradually generated and tendency and quan-
tity of generation are well simulated by our 
analysis method. 
CONCLUSION 
We try to conduct the numerical simulation of 
shaking table test on two-dimensional problem 
by using the newly developed nonlinear analysis 
code in CRIEPI. On the occasion of determining 
the input material constants, laboratory soil 
tests were conducted at extremely low confining 
pressure. Generation of pore pressure was 
heavily affected by saturation of soil and it 
was well simulated by suitably evaluating the 
bulk modulus of pore water. 
Nevertheless prediction of deformati011 is not 
necessarily sifficient yet, we think that the 
capability of application of our analysis code 
to two-dimensional problem was verified by 
numerical simulation of this time. 
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APPENDIX 
Stress Parameters Mr and Mm at failure and 
maximum contractive volumetric strain respec-
tively in our constitutive relation are induced 
as following equations taken into account the 
effects of principal stress rotation and inter-
mediate principal stress. 
Now defining the following parameters. 
,, 7 
L " xy ( fi anele of max. principal 
....;i1f'...;S fr~•!!l hori/'.Oil) 
b (coeffiri.~nt or in1('J·nwcliat(' 
prinripal str·e~~) 
then stress parameter n* correspond to Mr, Mm 
is expressed as 
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[ ± '"~'-'- , ~+<i~~r;~ .( :b- I) ,, , • • 
[ 
=i'3si: <P_r __ ~~-~~nzz {l - (2b- 1) sj n ¢ r 
3+ (2b-- 1) sin¢ r 
·· - --------- ----- Cz 
[
l(2b-l) ,;jn¢r ]' 




lan' 2 fJ 
F.:t=2 -------- ·-··-···--·- --· ------· -----
3+ (2b-l) sin¢ r 
where 
a io 1 - a mo 1 (i=x, y, z) 
a lnu 1 
and then alternations of sign of each component 
are follows 
7J*>7J*max: 
(1) d(Ox'-ay') ~ 0 and d!xy~ 0: 
Mm = v' F 1m++ F z m- + F • m + F 4 m + 
(2) d(ax'-ay') ~ 0 and d!xy < 0: 
Mm = v' F 1m++ F • m- + F • m + F • .,-
(3) d(ax'-ay') < 0 and d!xy ~ 0: 
Mm = v' F 1m-+ F z., + + F,., + F •., + 
( 4 ) d ( a x ' - a Y ' ) < 0 a n d d r xy < 0 : 
Mr=v'F.r-+F.r++F,r+F.r- =Mr--
The components added the suffix m are exchanged 
~f into ~m. 
( I ) d ( (} X' Oy')? 0 2Mr =Mr••+Mr+-
(2) d(Ox' Oy') < 0 
Above mentioned Mf is used for calculation of 
hardening function under cyclic loading. In 
addition Mm at n* <n*max, i.e. stress reversing 
condition, is derived from 
0 ir - 0 mr . Ci( , ) whlch are calculated by using 
0
mr 
stress value at reversing point. 
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